ADDITIONAL INDEX WORDS. compost, straw, wood chips, living mulch, corn gluten, Capsicum annuum, shallow cultivation, drip irrigation, raised beds, Trichogramma ostriniae SUMMARY. A 2-year field study in Lexington, Ky., evaluated weed control efficacy and infl uence on yields of several organic mulches in two organically managed bell pepper (Capsicum annuum) production systems. Five weed control treatments [straw, compost, wood chips, undersown white dutch clover (Trifolium repens) "living mulch," and the organically approved herbicide corn gluten] were applied to two production systems consisting of peppers planted in double rows in either fl at, bare ground or on black polyethylene-covered raised beds. In the fi rst year, treatments were applied at transplanting and no treatment was found to provide acceptable season-long weed control. As a result, bell pepper yields in both production systems were very low due to extensive weed competition. First year failures in weed control required a modifi cation of the experimental protocol in the second year such that treatment application was delayed for 6 weeks, during which time three shallow cultivations were used to reduce early weed pressure and extend the control provided by the mulches. This approach increased the average weed control rating provided by the mulches from 45% in 2003 to 86% in 2004, and resulted in greatly improved yields. In both years, polyethylene-covered raised beds produced higher yields than the fl at, bare ground system (8310 lb/acre compared to 1012 lb/acre in 2003 and 42,900 lb/acre compared to 29,700 lb/acre in 2004). In the second year, the polyethylene-covered bed system coupled with mulching in-between beds with compost or wood chips provided excellent weed control and yields. When using the wood chip mulch, which was obtained at no cost, net returns were $5587/acre, which is similar to typical returns for conventionally grown peppers in Kentucky. Net returns were substantially decreased when using compost due to the purchase cost. Results from this study indicate that shallow cultivation following transplanting, combined with midseason mulch application, resulted in high yields in an organically managed bell pepper system that were comparable to yields of most varieties grown conventionally in a variety trial conducted on the same farm.
University of Kentucky, Department of Horticulture, N-318 Agricultural Sciences North, Lexington, This research was partially funded by the New Crop Opportunities Center at the University of Kentucky through a USDA Special Grant. Experiment Station manuscript number: 05-11-042 1 To whom reprint requests should be addressed; e-mail address: mawillia@uky.edu P roduction losses from weed competition are among the most important crop management concerns for organic growers, and the ability to control weeds is considered a major limiting factor for farmers wishing to transition to organic production systems (Bond and Grundy, 2001; Walz, 2004) . As farmers in Kentucky and other states move away from tobacco (Nicotiana tabacum) as a result of the federal government's ending of the tobacco price-stabilization program, production of alternative crops such as vegetables has increased. In this region, as in many parts of the country, growers have expressed interest in organic vegetable production in response to the ever-increasing demand for organic products (Organic Trade Association, 2004) . A major constraint for these growers is the lack of researchbased information on organic production practices, particularly regarding weed management. There are many weed management techniques used by organic farmers, such as mechanical cultivation and the use of polyethylene and organic mulches; the most effective and economically sustainable organic production systems integrate a combination of practices into a whole-farm management approach. Cover crops, crop rotations, and balanced nutrient availability are all important elements in an organic farm's weed management plan, and when combined with well-timed cultural practices, successful nonchemical weed control is possible (Bond and Grundy, 2001; Grubinger, 1999) .
The use of polyethylene mulch with drip irrigation is an important and widespread practice in commercial vegetable production systems, and although polyethylene mulch is allowed in organic vegetable production, the identifi cation of alternatives is important to many organic producers (Lamont, 1993; Schonbeck, 1998; Wittwer, 1993) . Despite advantages such as increased weed control, earlier and higher yields, reduction of nutrient leaching, and increased soil moisture retention, polyethylene mulch has disadvantages, such as diffi culty of removal, cost of disposal, increased soil erosion, and increased agricultural chemical runoff (Brown and Channell-Butcher, 2001; Hochmuth, 1998; Lamont, 1993; Rice et al., 2001) . Organic mulches such as straw, wood chips, or compost can conserve soil moisture, reduce soil erosion, suppress weeds, and may also have advantages of low cost, with no removal requirement (Aparbal-Singh et al., 1985; Davis, 1994; Feldman et al., 2000; Isenberg and Odland, 1950; Roe et al., 1992; Singh, 1992 
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and stimulate soil microbial communities due to the addition of organic matter (Lalande et al., 1998; Olsen and Gounder, 2001; Ozores-Hampton, 1998) . Possible disadvantages of organic mulches include nutrient tie-up and lowering of soil temperatures to sub-optimum levels (Hill et al., 1982; Schonbeck and Evanylo, 1998) . Living mulches planted during the growth of the cash crop have been shown in some cases to compete well with weeds and provide soil cover (Paine and Harrison, 1993) . In addition to organic mulches, there are a limited number of organically approved products, such as corn gluten meal, that have been shown to exhibit herbicidal properties (McDade and Christians, 2000) . Although research on the benefi t and use of mulches is extensive, little is known about how to optimize their use in organically managed systems. Applications of straw, compost, wood chips, living mulch, and corn gluten are all allowed under U.S. Department of Agriculture organic certifi cation standards. Many farmers in Kentucky converting from tobacco to vegetable production have adopted the polyethylene mulched raised bed (plasticulture) system with drip irrigation for bell pepper production. As a result, bell peppers have become one of the most popular and profi table vegetable crops grown in the state. In this study, four organic mulches (wood chips, straw, compost, and undersown clover "living mulch") and the organically approved herbicide corn gluten were evaluated for weed suppression and effects on yield when incorporated into organically managed fl at, bare ground and plasticulture production systems. Our objective was to determine which treatments could be effectively used for weed management in two organically managed bell pepper production systems.
Materials and methods

EXPERIMENT.
Six weed control treatments in two bell pepper production systems were compared for their weed control effi cacy and infl uence on yields. The weed control treatments were straw mulch, wood chip mulch, compost mulch, corn gluten, a "living mulch" of undersown dutch clover, and an untreated control (weedy check). The bell pepper variety Aristotle (Seminis, Oxnard, Calif.) was chosen for its high yields, high quality, and resistance to bacterial spot (Xanthomonas campestris pv. vesicatoria Safe Fine 10-2-8 (10N-0.9P-6.6K) (Griffi n Industries, Cold Spring, Ky.), was spread and incorporated at a rate of 60 lb/acre of nitrogen (N). An additional total of 55 lb/acre of N was fertigated in six weekly doses through drip irrigation using liquid Phytamin 7-0-0 (7N-0P-0K) (California Organic Fertilizers, Fresno, Calif.) . Trichogramma wasps (Trichogramma ostriniae) (IPM Laboratories, Locke, N.Y.) were released for european corn borer (Ostrinia nubilalis) control on 18 and 25 July, and on 1 Aug., at a rate of 150,000/acre per release (Friley et al., 2003) .
The experimental design was a randomized complete block with four replications with a split plot arrangement of treatments. Main plots were the production systems: 1) fl at, bare ground and 2) raised beds covered with black polyethylene mulch. Subplots consisted of fi ve weed control treatments and an untreated control applied to two double-row beds. Main plots consisted of two double-row beds 75 ft long spaced on 6-ft centers. Peppers were spaced 12 inches apart within rows with 18 inches between the double rows. Subplots were 12 ft long and 12 ft wide and mulch treatments were applied to bare ground in both production systems. For the fl at, bare ground system, mulches were spread evenly within 1 inch of the transplants. For the polyethylene-covered raised bed system, mulch treatments were applied only to exposed soil between beds (row middles). Drip irrigation was used on all plots. Tensiometers were placed in black polyethylene and fl at ground main plots and water was applied when readings of 30 cbar were reached.
Mulch treatments were applied at transplanting on 5 June, except for the living mulch treatment. Wood chips and compost were applied to a depth of 3 inches (408 yard 3 /acre) while the wheat straw was spread to a depth of 6 inches (817 yard 3 /acre). Compost (0.01N-0.006P-0.35K) was obtained from Creech Compost Co., Lexington, Ky., a local producer of compost derived from horse muck. Baled wheat straw was obtained from a local farm supply store and wood chips were obtained without charge from a regional tree trimming businesses. Corn gluten meal (Bioscape, Petaluma, Calif.) was applied at a rate of 2178 lb/acre four times at approximately 2-week intervals during July and Aug. All mulch treatments and the corn gluten were applied by hand. The living mulch treatment consisted of white dutch clover, (Southern States) sown on newly cultivated soil at a rate of 20 lb/acre, 11 d after pepper transplanting (after transplant recovery). Following mulch applications, weeds were not managed in any other way for the remainder of the season. Weed control was rated on 10 July and 4 Aug. using visual estimation on a 0 to 100% scale with 0% equaling no observable control and 100% equaling complete weed control. Weed ratings for the fl at, bare ground system included the entire subplot covered by organic mulch, while only the row middles in between the black polyethylene-covered raised beds were evaluated in the plasticulture system. Areas immediately adjacent to the experimental plots that had also been plowed and disked, but were otherwise undisturbed for the entire season, were also rated for weed growth and used as a 0% control for comparison. Weed species were identifi ed throughout the season and an inventory was compiled. Peppers were harvested on 4 and 24 Aug., and after grading into marketable fruits or culls, were counted and weighed. The weights of marketable peppers were used in the marketable yield determinations.
2004 EXPERIMENT. Because none of the 2003 treatments resulted in acceptable weed control, all plots in 2004 were shallow cultivated (<1 inch deep) by hand hoeing three times at 2-week intervals after transplanting but prior to mulch application. These cultivations were intended to simulate mechanical cultivation and to potentially shift the period of weed control provided by the mulch treatments to later in the growing season. The corn gluten treatment was eliminated due to ineffective weed control and low marketable yields in 2003. The "living mulch" dutch clover was also eliminated because of its slow germination and growth, which substantially reduced its ability to compete with weeds. A treatment utilizing shallow cultivation at approximately2-week intervals throughout the season was included for comparison.
Untreated seeds of the bell pepper 'Red Knight' (Seminis) were sown 29 Mar. and young seedlings transferred to individual cells (Styrofoam, 253 cells/tray; Speedling) containing organic potting media Sunshine Organic Gro-mix (Sun Gro Horticulture) on 16 Apr. 'Red Knight' was chosen for its high yields, resistance to bacterial spot, and because untreated seed of 'Aristotle' was unavailable. Fish emulsion [Maxicrop Liquid Fish Fertilizer 5-1-1 (5N-0.4P-0.8K), Elk Grove Village, Ill.] was used as the primary N source for the transplants. However, repeated use of this product resulted in a crust on the soil surface that limited water penetration and delivery of nutrients to the roots. Threatened with the loss of these transplants and the entire 2004 fi eld trial, conventional 20-10-20 (20N-4.4P-16.6K, 150 ppm) soluble fertilizer was applied twice as a rescue treatment. Although synthetic fertilizers are unacceptable for certifi ed organic production, it was necessary in this case to ensure transplant survival. All other production practices in this study were consistent with organic certifi cation guidelines.
Peppers were transplanted in a fi eld on 8 June that had been cover cropped with two consecutive plantings. During the preceding summer, plots had been planted with sorghum-sudangrass (Sorghum bicolor x S. bicolor var. sudanese), (60 lb/acre; NC+ Organics, Grand Junction, Iowa) and cowpeas (Vigna unguiculata), (20 lb/acre; Southern States) that was plowed in the fall. That cover crop was followed by rye (Secale cereale), (80 lb/acre; NC+ Organics) and hairy vetch (Vicia villosa), (40 lb/acre; NC+ Organics) as a winter cover crop. This was plowed on 23 May and was estimated to provide at least 40-50 lb/acre of total N using the technique described in Bowman et al. (1998) . On 7 June an additional 45 lb/acre of N in the form of Nature Safe Fine 10-2-8 fertilizer was surface-applied and incorporated with a shallow cultivation. An additional total of 30 lb/acre of N was fertigated in two doses at mid-season through the drip irrigation system using Phytamin 7-0-0 as in 2003. Trichograma wasps were released on 16 July and 14 Aug., at a rate of 150,000/acre per release for european corn borer control.
As in 2003, the experimental design was a randomized complete block with four replications with a split plot arrangement of treatments. Main plots were the same while subplots consisted of three mulch treatments from 2003 (compost, wood chips, and straw), a control (weedy check), and a cultivated treatment. To determine the mid-harvest date as a measure of earliness, yields for each date were multiplied by the serial value of the harvest date (days after 1 Jan. 1900). These products were summed, and then divided by total weight harvested. The resulting quotients were then converted to Julian dates.
Analysis of variance of all data was conducted using the PROC GLM procedure of SAS (SAS Institute , Cary, N.C.). Main effect means (production systems) were separated by a single degree-of-freedom F-tests, while subplot means (weed control treatments) were separated by Waller-Duncan K-ratio t tests. When the F-test for the interaction between production system and weed control treatment was signifi cant, means were separated by t test, using the LSMeans options of PROC GLM. Weed control data for the three mulch treatments that were common to both years were combined and analyzed. Year was assumed to be a random variable in the analysis conducted by use of PROC GLM.
ECONOMIC ANALYSIS. A partial budget analysis was used to compare costs and returns among organic weed control treatments for the two production systems (polyethylene/raised beds and fl at, bare ground) in 2004. The partial budget itemizes only costs and returns that are directly affected by changes in treatments; it includes (but does not show) all itemized costs as in a complete crop budget. Production costs not affected by treatments were based on estimates published by the University of Kentucky (Isaacs et al., 2004) . Costs associated with organic mulch and other treatments were determined as follows.
The "mulch application charge" was calculated for hand application. An average of 15 min was required for one worker to apply mulch to one plot (about 20 min for 144-ft 2 plots on fl at ground, about 10 min for 72-ft 2 in the polyethylene-mulched plots). A labor rate of $8/h was used. Mulch transportation costs were not included.
"Cultivation costs" were estimated using the same fuel and oil costs from the University of Kentucky conventional bell pepper crop budget ($2.55/h). It was estimated that it would take approximately 2 h to cultivate 1 acre of peppers, resulting in a cost of $5.10/cultivation. Repair costs in the conventional pepper budget were $30/acre; since there was additional use of the equipment for cultivation in the organic system, we added $15/acre for repairs for three cultivations and $45/acre for six cultivations.
"Total production costs" included production inputs, some of which are not itemized in the partial budgets. Total production costs included seed, fl ats, organic potting media, lime, preplant fertilizer, soluble fertilizer, black polyethylene mulch, drip tape, trichogramma wasps, mulch, mulch application charges, cultivation, oil and fuel, repairs, transplanting labor, and irrigation labor.
"Total harvesting and marketing costs" included boxes, polyethylene mulch disposal labor, a polyethylene mulch disposal fee, marketing costs, fuel and oil, and labor for harvest,
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packing and grading. All except the disposal labor and fee, and fuel/oil were dependent on yield.
"Total variable costs" were the sum of total production costs and total harvesting and marketing costs. In addition, an interest charge was included that took into account the opportunity cost for money spent rather than saved. The following formula was used to calculate interest:
where A = total production cost; B = 0.06%; 4 months/12 months = portion of a year that money was unavailable; C = total harvesting and marketing cost; D = 0.06%; and 2 months/12 months = portion of a year that money was unavailable. Total fi xed costs (not shown in the partial budgets) were the same for all treatments and included depreciation on machinery, depreciation on irrigation equipment, taxes and insurance. "Total expenses" are the sum of all variable and fi xed costs.
Results
WEED CONTROL.
For the 10 July 2003 weed control rating, the mean square for weed control treatments was highly signifi cant, while the mean squares for production systems and interaction of production systems with weed control treatments were nonsignifi cant. The lack of signifi cant interaction between production systems and weed control treatments was not surprising because weed control ratings were made only on the areas covered by the treatments, and did not include the weed control provided by the polyethylene mulch. With regard to differences among weed control treatments, only the straw and wood chip mulch treatments gave acceptable levels (>70% of control), while corn gluten and the untreated control gave the worst (Table 1) .
The 4 Aug. 2003 weed control rating was consistent with the 10 July 2003 rating in that the only signifi cant source of variance was the weed control treatments. As the season progressed, weeds grew in all treatments, overwhelming the crop by harvest time. In the polyethylene mulched system, weeds grew in between the beds to the point that they substantially shaded the pepper plants. Straw mulch gave the highest level of weed control, followed by wood chips, but their respective ratings of 34% and 20% control were not adequate for commercial production (Table 1) ; the other treatments (compost, clover, and corn gluten) were even less effective. These results indicated that a single mulch application at planting did not provide effective season-long weed control.
In 2004, when weed control was fi rst assessed on 20 Aug., the mean square for weed control treatments was again signifi cant, while that for production system was not. The three mulch treatments provided weed control similar to that in the cultivated treatment and considerably better than the weedy check (Table 2) . At this date, there also was a signifi cant interaction between production systems and treatments, mainly caused by the weedy checks, which had an average of 50% weed control on fl at, bare ground but 60% in the plasticulture system (data not shown).
For the 4 Oct. 2004 assessment date, the mean square for weed control treatments was again signifi cant while that for production systems was not.
Also, there was a signifi cant interaction between production systems and weed control treatments, mainly caused by the straw mulch which unexplainably performed poorly in the plasticulture system (45% control) compared to the fl at, bare ground system (83% control). Differences in weed control effi cacy were apparent among the treatments, with compost being the most effective weed suppressor, followed by wood chips and straw ( Table 2 ). The cultivation treatment provided effective weed control, although by the end of the season there was no signifi cant difference between this labor-intensive technique and the compost treatment.
Three treatments (compost, wood chips, straw) were common to both years of the study. When the data for the 2 years were combined and analyzed, there was a highly signifi cant year effect (P < 0.0001), with an average weed control rating of 45% in 2003 and 86% in 2004 , indicating that the cultivations in 2004 likely improved overall weed control.
Weed diversity in both years of the study was essentially the same, and included many horticulturally signifi cant species such as velvetleaf (Abutilon theophrasti), lambsquarters (Chenopodium album), common ragweed (Ambrosia artemisiifolia), ivy leaf morning glory (Ipomea hederacea), fi eld bindweed (Ipomea purpurea), pigweed (Amaranthus retrofl exus), pennsylvania smartweed (Persicaria pensylvanica), galinsoga (Galinsoga parvifl ora), prickly sida (Sida spinosa), foxtail (Setaria glauca, S. viridis), johnsongrass (Sorghum halapense), yellow nutsedge (Cyperus esculentus), and crabgrass (Digitaria spp.). The weed distribution was consistent with that on the rest of the research farm and individual species appeared throughout the plots with no treatment providing better control of a particular species (data not shown).
MARKETABLE YIELDS AND EARLI-NESS.
For the 2003 marketable yield, the mean squares for production systems, weed control treatments, and the interaction of production systems with weed control treatments were significant. The overall average marketable yield for the plasticulture system (8310 lb/acre) was considerably greater than the average yield for the fl at, bare ground system (1012 lb/acre). On average, corn gluten resulted in the poorest yield (Table 3 ). The yields for the straw, compost and woodchips were signifi cantly greater than that for the control (Table 3 ). The signifi cant interaction between production system and treatments (P<0.001) resulted mainly from a difference in magnitude of response among the weed control treatments in the two production systems (Table 4) . For example, yield from the compost treatment in the plasticulture system was 2.6 times that of the same treatment in the bare ground system; for clover, yield from the plasticulture system was 53 times that of the clover treatment in the bare ground system. As an extreme example, the ratio between the two systems was infi nite for the corn gluten treatment because the bare ground system treated with gluten had no marketable yield.
Similar to 2003 marketable yield, in 2004 the mean square for production systems was signifi cant, while the interaction of production systems with weed control treatments was not signifi cant (Table 4) . Unlike 2003, the mean square for production systems was not signifi cant, but nearly so (P=0.07). The average marketable yield from the plasticulture system was more than 42,900 lb/acre and from the bare, fl at ground system, more than 29,700 lb/acre. Although, as mentioned previously, the underlying mean square for production systems was not signifi cant (P = 0.07), separation by t test indicated differences among means; compost resulted in the highest overall yield, while the lowest yields resulted from the straw mulch and uncultivated control (Table 3) .
Production systems and mulches, but not their interaction, had a significant impact on earliness in 2004 (2003 data were not analyzed because of extensive weed pressure and low yields). The average 2004 harvest midpoint date was 28 Aug. for raised beds and black polyethylene mulch, and 5 Sept. for fl at, bare ground plots. This 8 d difference in midpoint harvest dates was highly signifi cant (P < 0.01). Among treatments, use of any mulch tended to delay harvest midpoint by 4-7 d (Table  5 ). The longest delay was associated with compost, which was signifi cantly different than the cultivated and control treatments (Table 5) . ). x Interaction refers to the interaction of main effects, production systems, and weed control treatments. 
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ECONOMIC ANALYSIS. Yield data from 2004 refl ect an overall improvement in weed control and other management practices over 2003. The 2004 data were considered more typical of an optimized organic production system and were therefore used in the partial budget analysis (Table 6 ). Due to hand application (labor) costs, use of any additional mulch treatment in either the bare ground or plasticulture system increased weed control costs substantially ($300-600/acre) over the control and cultivated treatments, even if the mulch material could be obtained without cost. Purchase of mulch as an off-farm input dramatically drove up costs, and in the case of purchased compost, resulted in a net loss in either system (Table 6 ). Using a relatively low wholesale price of $8/box, which is typical for growers in Kentucky, and without any premium for organic produce, net returns were considered moderate for wood chip mulch and cultivated treatments on bare ground when compared to average net returns from conventional growers in the state (about $3000/acre). Net returns were roughly doubled in all but the compost and straw mulch treatments when the plasticulture system was used (Table 6 ). In both of these treatments the cost of mulch, accompanied by reduced weed control effi cacy, substantially reduced net returns in the bare ground system. If a theoretical (but realistic) 15% price premium was received for organic bell peppers, moderate profi ts were possible even on bare ground from wood chip and cultivated treatments although the highest net returns were obtained from the cultivated treatment on raised beds with black polyethylene ($6575/acre, Table 6 ). The analysis indicated no economic benefi t from straw mulch or wood chip treatments compared to the control in the plasticulture system.
Discussion
Our primary goal was to determine if surface-applied organic mulches would effectively suppress weeds in a commercial organic production system for bell peppers. While weed control was the main focus of this study, it is only one component of a system that relies on the integration of many important parts, each contributing to the overall enhancement of the crop. These include the use of mixed leguminous and grass cover crops as N and carbon sources, planting diseaseresistant varieties, releasing biocontrol agents as part of an insect management program, and using shallow cultivation for early weed control. Although each of these components was used in the experiment, the focus was on evaluating how mulches fi t into this system to provide economical and effective weed control.
In 2003, straw and wood chip mulch treatments provided the best weed control and high yields (Table  1, Table 4 ). Although the compost treatment did not provide adequate weed control in 2003, it also had high yields and was retested in 2004 due to its documented positive effects as a surface-applied mulch in bell peppers (Roe et al., 1992) . In 2004, cultivation was integrated with straw, wood chip, and compost mulches in a way that maximized weed control and yields. Most of the mulches provided very good to excellent weed control in 2004 from the time they were applied until fi nal harvest (Table 2) ; however, for reasons 
